FIGURE 1
Burley tobacco smoke analysis .tl*""·-·-·-· ·' , ,. . 2 Cl to N02 (5). Pyrolysis studies indicate that thermically activated nitrogen oxides may react as scavengers in the reducing environment of the hot zone. Kallianos et al. have demonstrated that the catechol yield in the smoke of Burley tobacco is inversely proportional to the amount of nitrate (4). The presence of 4-nitrocatechol in the smoke of cigarettes made from high-nitrate ' "'
'io K N0 1 10 20 in tobocco tobaccos would be in line with our working hypothesis, although the investigators suggest its formation by nitration."" Sloan and Sublett reported an increased yield of methyl nitrite in the smoke of nitrate rich cigarette tobaccos (8) , a result supporting our concept. The inhibition of the BaP formation by the presence of nitric oxide, or addition of salts generating NO during the pyrolysis of cellulose, as reported by Robb et al. (7) can be interpreted similarly. Therefore, it is suggested that during the actual pyrosynthesis of new compounds the combination of pyrolytically formed organic radicals is inhibited by their competitive reaction with nitrogen oxides. Consequently, we would expect that the yield of aromatic hydrocarbons is also reduced. The identification and increased yield of aliphatic and aromatic nitrohydrocarbons in the smoke of nitrate rich tobaccos may · serve as additional support for our hypothesis of P AH-inhibition.
This communication presents data on the isolation, identification and quantitative determination of primary and secondary nitroalkanes in cigarette smoke. In addition, evidence for the dependence of the nitroalkane yields in the smoke as a function of the nitrate content of tobacco will be discussed.
METHODS AND MATERIAL

Cigarette Smoking
United States blended nonfilter cigarettes, 85 mm in length, were conditioned, selected and smoked as previously reported (2) . In series A on each of the 4 channels of the CSM-10, the smoke of four cigarettes is drawn through a Cambridge filter and, subsequently, through a 250 ml gas wash bottle filled with about 50 ml of water. The water in the gas wash bottle is replaced when 25 cigarettes have been smoked. For series A, 200 cigarettes are smoked. In series B, 20 cigarettes are puffed on one channel. Washings and loaded Cambridge filters are placed in distillation flasks of 10oo or 500 ml.
Internal Standard
Preliminary investigations have revealed two pertinent facts. First, the losses during the analysis are greater for nitromethane and nitroethane than for nitroalkanes with lower vapor pressure. Secondly, no significant peak could be detected in the gas chromatogram where 2-nitro-n-butane was expected. Based on these observations, two internal standards were used. For the analysis of nitromethane and nitroethane two micrograms of highly purified nitromethane-C 14 (195,600 dpm; International Chemical and Nuclear Corp., City of Industry, California) in 0.5 ml toluene were added. As . internal standard for the less volatUe nitrohydrocarbons 200 IJ.g of purified 2-nitro-n-butane in 1 ml ether and for series B, 20 IJ.g of 2-nitro-n-butane in 1 ml ether were added. In order to assure that primary and secondary nitroalkanes have comparable losses during the analysis, we occasionally used 2 IJ.g of 2-nitropropane-1-Cl 4 (8o,ooo dpm; Mallinckrodt Nuclear, Orlando, Florida) dissolved in 1 ml toluene. Prior to the analytical procedure, the solvents containing these internal standards were pipetted into the distillation flasks already filled with the loaded Cambridge filters and the contents of the gas wash bottles. 
Concentrating of Nitrohydrocarbons
After loaded Cambridge filters, washings and internal standards are placed in the distillation flasks, 50 ml of 2-N HsS04 are added for the analysis in series A and 5 ml 2-N H2S04 for the analysis in series B.
The nitrohydrocarbons are ·steam-distilled. In order to avoid losses by insufficient condensation, the receiving flask is connected via vacuum adapter with a gas wash bottle containing 50, respectively 20 ml of 2-N NaOH. The distillation is terminated after collecting about 500 ml distillate for series A and 200 ml for series B. The condensates are extracted 3 times with 150 or 50 ml ether respectively. The combined ether layers (450 or 150 ml) are subsequently extracted with the 2-N NaOH solution from the gas wash bottles. This extraction is repeated twice more with 50 ml or 20 ml of 2-N NaOH. The combined NaOH extracts are acidified under· cooling with 5-N H2S04 which is carefully dropped into the flask through a Liebig-condenser. The acidic solution is extracted 3 to 4 times with ether, and subsequently the combined organic phase is extracted once with saturated NaHCOs-solution. The ether layer is then dried over dessicated sodium sulfate, filtered. and carefully concentrated by distillation of the solvent via a distilling head for steam distillation until a concentrate of about 5 ml, however not less than 3 ml, is obtained. The temperature of the water bath for the distillation should not exceed 55° C. The separation scheme is outlined in Figure 4· Gas Chromatography Figure 5· According to the retention times obtained with reference compounds (Table ' 1), the major peaks appear to be nitromethane, nitroethane, 2-nitropropane, '1-nitropropane, '1-nitro-n-butane and '1-nitro-n-pentane. For the collection of material for mass spectrometry, the same. gas chromatography system is used with a splitter ratio of 4 :'1 which allows injections of up to 'l.OO 111 ether concentrate.
Series B For the analysis of nitroalkanes in the smoke of 20 cigarettes, we employed a gas chromatograph with an electron capture detector, in this study a Varian Aerograph '1200. This detector system, specifically sensitive to nitro-compounds allows the determination of concentrations down to about o.'l.-o.o'l. 11g nitroalkanes in ' 1 microliter solution. The separation was achieved on the same column as in series A with nitrogen as carrier gas and an inlet pressure A typical gas chromatogram obtained from a nitrohydrocarbon concentrate is shown in Figure 6 with 2-nitro-n-butane as internal standard. According to the retention times and relative retention volumes (Table 1) , the presence of at least 7 nitre-compounds in the concentrate is indicated. This gas chromatography system confirms the presence of the same nitroalkanes implied by the first system.
Identification of Nitroalkanes
For the identification of the primary and secondary nitrohydrocarbons we employed basically the gas chromatography system A with 4:1 splitter. In order to collect the effluents corresponding to the maxima in the chromatogram, we tried at first to use an open U-tube fitted directly into the septum of the effluent tube. This trap was cooled by unmersion in drv iceacetone. However, the system proved to be ineffective for the collection of the more volatile nitre-compounds and, thus, had to be improved. The material indicated by retention time to emerge at the peak of 1-nitro-n-pentane was collected from 10 injections resulting in an estimated effluent of about 150 J.Lg. After rechromatography and collection, the material was used for mass spectrometric analysis. These analyses were carried out by the Morgan-Schaffer Corp. in Montreal, Canada, with a Hitachi Perkin-Elmer RMU-60 instrument. Lacking a set-up for direct introduction of gas chromatographic effluents into a mass spectrometer, we had to develop a specific system for the more efficient collection of 50 J.Lg and more of a nitroalkane with lower molecular weight. A U-tube with long sidearms is attached to the end of the gas chromatography column and is immersed in ice water. After each fractional collection both arms are sealed and are reopened only briefly for collection of the corresponding material from the next separation. After five such fractional collections, the closed U-tube is cooled in liquid nitrogen, one arm is opened and the tube is evacuated. Finally, the tube is heated to about 100° C and the now vaporized nitrohydrocarbon is injected directly through the capillary inlet into the mass spectrometer. Using this technique, one is able to obtain a mass spectrum for 500 J.LS or even less of a nitrohydrocarbon. However, for estimating the relative abundance of the fragments one has to disregard with this arrangement the ions m/e 32 and m/e 28 since some air is introduced with the sample. N. Y., and 1-nitro-n-pentane from Fluka, A. G., Buchs, S. G., Switzerland. All these reference compounds were purified by gas chromatography (System 1).
FIGURE 6
Gas chromatogram of a concentrate of nitro-compounds from cigareHe~moke • Details of the gas chromatographic system, see Method Chapter.
Quantitative Determination
In series A :1.-3 ~tl, in series B :1. ~tl nitroalkane concentrate were injected into the gas chromatograph and three 50 ~tl samples were transferred into counting vials filled with scintillator solution. The observed quenching effects did not exceed the experimental variation of the counting method, which is better than ± :1. %.
RESULTS
Qualitative Analysis
Retention times in the two gas chromatographic systems and the relatively sensitive electron capture detector system for nitroalkanes suggested the presence of nitromethane, nitroethane, :1.-nitropropane, 2.-nitropropane, :1.-nitro-n-butane and :1.-nitro-n-pentane in cigarette smoke. Furthermore, according to the gas chromatographic pattern it appeared not unlikely that the smoke concentrate contained a second nitropentane. The fragmentation pattern of the effluent of the major last peak of the gas chromatogram was identical with that of synthetic :1.-nitro-n-pentane [ Figure 7 , (:1.)]. The materials corresponding to the other maxima in the gas chromatogram were separately collected with the second· system • 85 mm U. S. blended cigarette without filter tip smoked under standard conditions. •• Each analysis is completed with 200 cigarettes with internal standards nitromethane-C'• and 2-nitro-n-butane. and the fragmentation patterns of the effluents compared with those of authentic reference compounds (Fig. 8} . Despite the fact that we could not utilize possible ions m/e 32 and m/e 28, the other fragments sufficed for the identification of nitroparaffins. With the exception of nitromethane which gave its molecular ion m/e 61, the other nitroalkanes did not show molecular ions or, if so, only with low intensity. This observation and the relative abundance of fragmentation ions which are formed by a-cleavage of the nitroalkanes and the occurence of fragments with m/e 27 and m/e 30 from the tested nitroparaffins are in agreement with data from the API reference (1}. Figure 8 shows the fragmentation pattern of 5 isolated nitreparaffins from cigarette smoke and allows the identification of nitromethane, nitroethane, 1-nitropropane, 2-nitropropane and .1-nitro-n-butane. The fragmentation pattern from material collected from the peak before 1-nitro-n-pentane is suggestive of an isomeric nitropentane, and possibly of 2-nitro-n-pentane. However, this identification must remain tentative, since we lack the corresponding reference compound at this time.
Quantitative Analysis
The results of five quantitative analyses of the mainstream smoke of a U. 5. 85 mm cigarette without filter tip for the six identified nitroalkanes are summarized in Table 2 . The variation coefficients range from 2.8°/o to 8.1 %. Assuming that the unidentified nitrohydrocarbon is a nitropentane other than 1-nitro-n-pentane, we estimate its concentration in the smoke of one cigarette to ·be about o.o6 J.~.g. Table 3 presents the data based on 3 X 20 cigarettes analyzed in the series B. These results are in agreement with those of the series A, for which we smoked 200 cigarettes each. Although the individual values appear somewhat higher for series B than for series A, this difference may be due to obtaining the same brand of cigarettes on the open market at different times. • 85 mm U. S. blended cigarette without filter tip smoked under standard conditions.
•• Each analysis is completed with 20 cigarettes with internal standards nitromethane-C14 and 2-nitro-n-butane.
Six nitroalkanes in cigarette smoke* · 
Isolated
Data from a smoke analysis with 2-nitropropane-:r.-C14 as internal standard are given in Table 4· As to be expected, the values for nitromethane and nitroethane are too low since the internal standard 2-nitropropane-:r.-C14 is less volatile than the internal nitromethane-C14 standard. However, the values obtained for the other nitroalkanes with 2-nitropropane-:r.-C14 as internal standard are in agreement with those of 2-nitro-nbutane as internal standard, indicating no different losses for primary and secon- Mall spectra of isolated a'nd reference compounds 
Nitroalkanes in the Smoke of Different Cigarettes
In order to evaluate our working hypothesis that the nitrogen oxides, deriving from the alkali nitrates in the tobacco, may react in the hot zones as scavengers with the pyrolytically formed radicals, the mainstream smoke of eight cigarettes and two experimental cigarettes were analyzed for nitroalkanes. The results are presented in Table 5 and demonstrate an interdependence of the concentration of nitroparaffins in the smoke with the nitrate concentration of cigarette tobacco. DISCUSSION
The described analytical method permitted the identification of nitroalkanes in cigarette smoke. This group of compounds has not so far been reported to be present in tobacco smoke (3,9). Our specific interest in the pyrosynthesis of polynuclear aromatic hydrocarbons, especially those which are known animal carcinogens, led to the observation that these compounds can be reduced in the smoke when nitrate rich tobaccos are selected or when alkali nitrates are added to tobacco. The reduction of the P AH is selective compared to the reduction of total particulate matter. The smoke condensate from nitrate rich tobaccos could be demonstrated to have significantly reduced tumorigenicity to mouse skin (3). The latter results are in line with our previous observations that a selective reduction of PAH, especially of benzo(a)pyrene, parallels a reduction of the tumorigenicity of the "tars" (3,9).
Based on these experimental observations we became interested in an exploratory study of the mechanism leading to the reduction of P AH in cigarette smoke. For nitrate rich tobaccos we hypothesized that the pyrolytically formed nitrogen oxides react with organic radicals which are formed by pyrolysis of non-volatile organic tobacco constituents. This reaction tends to inhibit the pyrosynthesis of aromatic hydrocarbons. The quantitative data of the newly identified nitroalkanes strongly suggest a correlation between the nitrate concentration in the tobacco and yield of these compounds in the smoke. Since one may assume that nitrohydrocarbons are formed in the hot zones from C,H-radicals and nitrogen oxides, the findings of the present study fall in line with our concept that nitrogen oxides tend to inhibit the pyrosynthesis of polynuclear aromatic hydrocarbons in tobacco smoke. Figure 9 shows an inverse relation between the yield of BaP on the one hand and nitromethane and nitroethane on the other hand. However, since the pyroformations in tobacco smoke of P AH, as well as nitroalkanes are most complex, a quantitative correlation can be established only by analyzing the burning cone of a cigarette directly for NO, N02 and nitroalkanes and indirectly for PAH.
SUMMARY
An analytical method for the isolation and identification of nitroalkanes in cigarette smoke was developed. The analytical procedure includes water steam-distillation of cigarette smoke condensate and several extraction steps. The final concentrate of the nitroparaffins is separated into individual components by gas chromatography on 5 Ofo Apiezon N and 50/o Armeen SO on fire brick. Utilizing a flame ionization detector system for the final analysis, 200 cigarettes had to be smoked. When an electron detector system was utilized the smoking of 20 cigarettes sufficed for the analysis of six nitroalkanes. These were identified by relative retention times and volumes, and the fragmentation patterns of the individual nitroalkanes. The presence of a seventh nitroalkane was ascertained and it was tentatively identified as a nitropentane. 
